Many replication initiators form higher-order oligomers that process host replication origins to promote replisome formation. In addition to dedicated duplex-DNA-binding domains, cellular initiators possess AAA1 (ATPases associated with various cellular activities) elements that drive functions ranging from protein assembly to origin recognition. In bacteria, the AAA1 domain of the initiator DnaA has been proposed to assist in single-stranded DNA formation during origin melting. Here we show crystallographically and in solution that the ATP-dependent assembly of Aquifex aeolicus DnaA into a spiral oligomer creates a continuous surface that allows successive AAA1 domains to bind and extend single-stranded DNA segments. The mechanism of binding is unexpectedly similar to that of RecA, a homologous recombination factor, but it differs in that DnaA promotes a nucleic acid conformation that prevents pairing of a complementary strand. These findings, combined with strand-displacement assays, indicate that DnaA opens replication origins by a direct ATP-dependent stretching mechanism. Comparative studies reveal notable commonalities between the approach used by DnaA to engage DNA substrates and other, nucleic-acid-dependent, AAA1 systems.
Many replication initiators form higher-order oligomers that process host replication origins to promote replisome formation. In addition to dedicated duplex-DNA-binding domains, cellular initiators possess AAA1 (ATPases associated with various cellular activities) elements that drive functions ranging from protein assembly to origin recognition. In bacteria, the AAA1 domain of the initiator DnaA has been proposed to assist in single-stranded DNA formation during origin melting. Here we show crystallographically and in solution that the ATP-dependent assembly of Aquifex aeolicus DnaA into a spiral oligomer creates a continuous surface that allows successive AAA1 domains to bind and extend single-stranded DNA segments. The mechanism of binding is unexpectedly similar to that of RecA, a homologous recombination factor, but it differs in that DnaA promotes a nucleic acid conformation that prevents pairing of a complementary strand. These findings, combined with strand-displacement assays, indicate that DnaA opens replication origins by a direct ATP-dependent stretching mechanism. Comparative studies reveal notable commonalities between the approach used by DnaA to engage DNA substrates and other, nucleic-acid-dependent, AAA1 systems.
All organisms depend on ring-and spiral-shaped ATPase assemblies to carry out essential processes ranging from proteolysis and membrane trafficking, to signalling events and nucleic acid transactions. DNA replication onset in cells reflects one such process, using ATPdependent initiation factors to coordinate replisome assembly 1, 2 . Replication initiators of eukaryotes and prokaryotes contain AAA1-family ATPase domains, the activity of which is augmented by duplex-DNA-binding domains and specialized protein-protein interaction elements that assist with origin recognition and recruit specific replication factors 3, 4 . Although all AAA1 enzymes share a common structural core with RecA-type ATPases, together forming the additional strand catalytic glutamate (ASCE) supergroup of P-loop NTPases 5 , the molecular logic that allows a common nucleotidyl-hydrolase module to control the disparate activities of replication initiators, and ASCE proteins in general, is not understood.
In bacteria, replication initiation relies on the DnaA protein [6] [7] [8] . In Escherichia coli, multiple DnaA molecules bind to the replication origin, oriC, through several duplex DNA-binding sites, forming a large nucleoprotein complex in the presence of ATP [9] [10] [11] . With the aid of appropriate architectural proteins (such as integration host factor) and negatively supercoiled DNA, this complex subsequently melts an (A1T)-rich, DNA-unwinding element (DUE) located adjacent to the duplex DnaA binding sites 12, 13 . ATP also activates a secondary DNAbinding site within DnaA, thought to reside within the AAA1 domain, which engages single-stranded regions of the DUE to form a stable open complex 12, [14] [15] [16] . DnaA then collaborates with the bacterial helicase loader (DnaC in E. coli) to recruit two hexamers of the DnaB helicase to the origin and promote replisome assembly [17] [18] [19] .
Although most AAA1 enzymes form closed-ring assemblies 20, 21 , structural studies have indicated that initiators and polymerase clamp-loaders form open-ring structures 14, [22] [23] [24] . Among initiator/loader systems, DnaA is particularly unusual in that it has been seen to oligomerize into a right-handed, spiral filament 14 . Two models have been proposed to explain how this structure might aid origin melting ( Supplementary Fig. 1 ). In one, the wrapping of duplex DNA about a DnaA superhelix would constrain a positive supercoil, generating compensatory negative writhe that could aid opening of the neighbouring DUE. In the other, the wrapped DnaA-DNA complex would serve as a nucleation centre, allowing DnaA protomers to engage directly and melt the DUE, possibly through the initiator's ATPase elements. Thus far, experimental evidence has supported both models 9, [14] [15] [16] 25 , leaving open the question as to how DnaA catalyses origin melting. The relationship of this mechanism to other initiation systems, or to AAA1/ASCE proteins overall, is also unclear.
A DnaA-ssDNA crystal structure
To examine these issues, we set out to determine the structure of DnaA bound to single-stranded DNA (ssDNA). Using a truncation of Aquifex aeolicus DnaA consisting of the AAA1 and duplex-DNA-binding domains (which, like its E. coli counterpart 16, 17 , is active for both ATP-stimulated assembly and ssDNA binding 25 ), we first grew DNAfree crystals in the presence of Mg 21 and the non-hydrolysable ATP mimic AMPPCP 14 . DNA substrates were then soaked into these crystals under low-salt conditions (Methods). Data collection and phasing by molecular replacement revealed four DnaA protomers per asymmetric unit, arranged in a spiral configuration that propagates into a continuous protein helix by the action of crystal-symmetry elements ( Fig. 1a, b ), along with bound ssDNA. Of the multiple substrates screened (Methods), dA 12 yielded the highest-quality density ( Supplementary  Fig. 2a, b ), and served as the best target for model building and refinement. The final structure, containing a DnaA:AMPPCP:Mg 21 :dA 12 stoichiometry of 4:4:4:1, was refined to an R work /R free of 24.9/26.8% at 3.35 Å resolution ( Supplementary Table 1 ).
DnaA-ssDNA interactions
The overall arrangement of DnaA subunits in the helical assembly is highly similar to a DNA-free form reported previously (0.7 Å root mean squared deviation between all Ca positions) 14 . AMPPCPNMg 21 binds at the interface between neighbouring subunits, with the c-phosphate of AMPPCP coordinated by catalytic amino acids from pairs of adjoining AAA1 domains. Single-stranded DNA associates exclusively with the AAA1 elements of the initiator, with each protomer binding three nucleotides of the dA 12 strand (Fig. 1a ). Almost all contacts are made through the phosphodiester backbone, exposing the DNA bases to solvent. Each trinucleotide segment adopts a B-form DNA conformation ( Supplementary Fig 3) , with the bases between consecutive segments separated by large (,10 Å ) gaps that extend the substrate by ,50% (Supplementary Table 2 and Supplementary Information).
DnaA binds ssDNA using just two pairs of helices, a3/a4 and a5/ a6, both of which line the central channel of the protein assembly ( Fig. 1c ). The geometry of these two elements creates a single conduit along the length of the DnaA superhelix that allows substrate to traverse consecutive DnaA protomers. Interestingly, helices a3/a4 also comprise the initiator-specific motif, which both promotes filament formation 14, 19 and distinguishes DnaA as a member of the initiator clade of the AAA1 superfamily 26, 27 .
DnaA uses a simple network of interactions to coordinate ssDNA. The initiator-specific motif forms a shelf for each trinucleotide, in which a conserved hydrophobic residue, Val 156, forms van der Waals contacts with the sugar and base of the first nucleotide in the triplet (Fig. 1d ). The central phosphate of each trinucleotide is bound by the electropositive, amino-terminal helix dipole of a6 and hydrogen bonded by Thr 191 (Fig. 1c, d ). These contacts are flanked by two positively charged residues, Arg 190 and Lys 188, which make saltbridge interactions with the phosphates of nucleotides 1 and 3, respectively. Notably, mutant initiators containing substitutions in these observed DNA-binding residues show reduced affinity for ssDNA in solution ( Supplementary Fig. 4 ), confirming that the crystals captured a physiologically meaningful initiator state. Moreover, mutations of the same positions in E. coli DnaA (amino acids Arg 245, Lys 243 and Val 211) also disrupt ssDNA binding and origin melting 15 . Thus, the ssDNA engagement strategy seen here seems to be conserved across bacterial species.
Structural similarities between DnaA and RecA
In considering the assembly patterns of oligomeric ATPases, we were struck by the similarity of DnaA to one system in particular: the homologous recombination protein, RecA. Although the cellular functions of these two proteins are fundamentally different (catalysis of DNA strand-exchange reactions versus replication origin melting and coordination of replisome assembly), both RecA and DnaA are predicated upon an ASCE ATPase fold 27, 28 . Like DnaA, RecA (and its Rad51/RadA orthologues) forms a helical assembly that engages DNA with its pore regions [28] [29] [30] [31] [32] . These shared physical properties led us to undertake a more detailed comparison of RecA and DnaA. Of the multiple models available, the structure of a RecA oligomer bound to ssDNA 33 , representing the presynaptic complex formed during the initial stages of homologous recombination, is globally most similar to the DnaA state we observe ( Fig. 2a, b ). As with DnaA, RecA contacts DNA almost exclusively through the phosphodiester backbone, which sits in the interior of a positively charged filament pore. Each RecA protomer binds three nucleotides in a B-DNA conformation, with the base stacking between each triplet interrupted such that ssDNA is extended ,1.5-fold compared to a B-form duplex (Fig. 2c ).
RecA and DnaA also exhibit some interesting and significant differences. A visual examination of each triplet shows that RecA uses a more extensive network of contacts for engaging ssDNA than does DnaA (Fig. 2d, e ), burying twice as much surface area per triplet (318 Å 2 and 639 Å 2 for DnaA and RecA, respectively). This difference derives largely from an additional b-hairpin in RecA that fills the gap between each triplet and reinforces each three-base stack 33 . Moreover, whereas two of the three nucleotides within each RecA triplet (positions 1 and 2) align well with those seen in DnaA, position 3 of the DnaA trinucleotide rotates away from the pore axis by ,50u (Fig. 2f ). This difference skews consecutive DnaA triplets away from one another, disrupting the formation of a smoothly spiral arrangement as seen in RecA (Fig. 2c ).
DNA extension is ATP-and assembly-dependent
The ability of RecA to stretch DNA to the extent observed crystallographically has been amply substantiated by various methodologies [34] [35] [36] . Using these efforts as a guide, we set out to determine whether the DNA conformation that we observe bound to DnaA accurately represents the state of the substrate in solution. To accomplish this, we turned to a 
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bulk-phase fluorescence resonance energy transfer (FRET)-based ssDNA extension assay analogous to single-molecule approaches applied to RecA 37 . Using a poly-thymine DNA labelled with Cy3 and Cy5 (FR-dT 21 ) ( Supplementary Table 3 ), we monitored changes in the length of ssDNA resulting from DnaA binding ( Fig. 3a ). Analogous studies were performed with RecA as a control. As both RecA and DnaA require ATP for formation of the oligomers observed in the structural models, we expected ATP-dependent extension to lead to a loss of FRET signal. We tested for extension both in the presence of the ATP analogues ATPcS and ADPNBeF 3 , to avoid complications that might arise from nucleotide hydrolysis, and in the presence of ADP, which is known to promote DnaA disassembly. Pronounced extension was observed only in the presence of the ATP analogues (Fig. 3b, c) , and not with ADP. The lengths of ssDNA in the ATP-assembled states of both proteins, as calculated from the FRET data, were in close agreement with those observed in the crystal structures ( Supplementary  Table 6 ). Likewise, mutations in ssDNA-binding amino acids and residues required for DnaA assembly all significantly reduced ssDNA extension ( Supplementary Fig 6) , demonstrating that this activity depends on substrate binding to the pore of an initiator oligomer that forms only when activated by ATP.
DnaA directly catalyses duplex melting
How replication origins are opened for replisome assembly is an important, unanswered question. Given the similarities between the ssDNA binding and extension activities of DnaA and RecA, we reasoned that the initiator might directly destabilize and disrupt DNA duplexes. This activity is a known property of RecA 38 , albeit one that permits the recombinase to exchange DNA strands between target substrates actively 30, 33 .
To test this idea, we developed a DNA strand-displacement assay for DnaA. First, the initiator was incubated with a short duplex containing one fluorescently labelled strand. Unlabelled competitor strand was then added to capture any unwound species (Fig. 4a ). Both ADP and ADPNBeF 3 were tested to determine whether initiator assembly affected the outcome of the experiment, as were DNAs of different lengths and stabilities. Analysis of the resultant products by gel electrophoresis shows that DnaA readily unwinds a 15mer duplex DNA of moderate stability (T m 5 43 uC) in the presence of the ATP mimic ( Fig. 4b) . By contrast, increasing the stability of the DNA substrate by ,30% (using a 20mer, T m 5 55 uC) weakens the unwinding activity of DnaA (Fig. 4b ), while increasing DNA stability even further (30mer, T m 5 62 uC) abrogates melting completely ( Supplementary Fig 7a) . Importantly, ADP did not support strand displacement, nor did ssDNA binding and DnaA assembly mutants ( Supplementary Fig. 7b, c) . These controls indicate that double-stranded-DNA melting is dependent not only on formation of an assembled DnaA oligomer, but that the initiator is fine-tuned to specifically disrupt DNAs of modest stability. One significant functional difference between RecA and DnaA is that the recombination protein can drive a true strand-exchange reaction; that is, in addition to displacing one strand of a duplex, RecA can also pair homologous ssDNA segments into a doublestranded molecule. By contrast, the function of DnaA is to separate double-stranded origin regions. Inspection of the RecA and DnaA complexes reveals a physical basis for these differing properties: in DnaA, successive trinucleotide elements are arranged in a state incompatible with the formation of a continuous duplex, whereas ssDNA bound to RecA adopts a smoothly spiralled arrangement permitting the contiguous pairing of a complementary strand (Fig. 4c ). This distinction arises primarily from the 50u rotation between the nucleotides at the third position of each triplet seen in the RecA and DnaA models (Fig. 2f ). In DnaA, the orientation of this nucleotide appears to be stabilized by base stacking, whereas in RecA the b-hairpin insertion helps to sculpt the configuration of the DNA to create a contiguous base-pairing surface.
Implications for origin melting
Together, our findings present the strongest evidence yet that DnaA melts replication origins by directly assisting with the separation and sequestration of duplex DNA strands ( Supplementary Fig. 1c ). Notably, this activity does not contradict the demonstrated need for other factors capable of reshaping and/or destabilizing DNA (for example, integration host factor and negative supercoiling) during initiation 12, 13 . Rather, these elements probably help to promote DnaA assembly and prime the origin for melting by what otherwise would be an inefficient unwindase. In this view, the AAA1 domains of DnaA may first engage only one of the two strands of duplex DNA with their ssDNA binding elements (possibly at reported ssDNA or ATP-DnaA binding sites 15, 16 ). In the presence of ATP, which triggers initiator assembly, subunit-subunit interactions would help to restructure the DNA backbone, stretching the contacted strand to facilitate melting. Re-annealing would be disfavoured by the non-contiguous arrangement of base triplets in the extended state ( Fig. 4c) . Future studies will be needed to define the specific order and effect of these events further.
We envision that the propensity of DnaA to open DNA could be adjusted in other bacterial species by strengthening or weakening the association of its ATPase domains with DNA and/or each other. An attractive feature of such a mechanism is that it is amenable to additional layers of control by changes to DUE sequence, superhelical density and co-resident architectural factors to ensure that a replication origin fires only when DnaA is both present and assembled properly. Such flexibility may have had a role in allowing DnaA to persist as the primary initiator in bacteria that have adapted to markedly different environmental niches.
Thematic patterns of substrate recognition in AAA1 ATPases
The mechanism by which DnaA coordinates ssDNA also comports well with findings in other replication initiation systems and with ASCE ATPases in general. For instance, many oligomeric RecA and 
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AAA1 enzymes bind substrate in the interior pore of a closed-or cracked-ring particle 33, [39] [40] [41] . DnaA follows this pattern. A comparison of DnaA to other, disparate nucleic-acid-dependent AAA1 systemsfor example, polymerase clamp-loaders and processive helicasesfurther shows that these factors also associate with client substrates in a remarkably analogous manner, using the same face of the core aba ATP-binding fold to engage a short backbone stretch of their target DNAs (Fig. 5 ). For AAA1 proteins involved in initiation, these similar contact mechanisms have been differentially co-opted to assist with specific protein functions, ranging from the control of origin recognition (as seen in archaeal Orc1 proteins 26, 42 ) to mediating processive DNA unwinding (viral superfamily 3 helicases 40, 43 ). DnaA, with its ability to melt (but not translocate along) DNA, seems to use an intriguing mix of some of the activities exhibited by related initiation systems. Future efforts will be needed to determine how subtle differences in the position and nature of substrate-binding surfaces, combined with specific alterations in the assembly patterns of central AAA1 domains, endow such molecular motors and switches with their distinct biochemical properties.
METHODS SUMMARY
Detailed information regarding experimental methods, substrate sequences, binding constants, and FRET efficiencies and distances can be found in the Methods and in Supplementary Information.
METHODS
Expression and purification of DnaA. Residues 76-399 of A. aeolicus DnaA (containing the AAA1 and duplex-DNA-binding regions) were expressed as a TEV-protease cleavable His 6 -MBP fusion and purified as previously described 25 The crystals were then looped and flash frozen in liquid nitrogen in preparation for data collection. Previous biochemical studies revealed no apparent sequence preference for ssDNA by A. aeolicus DnaA 25 , so DNAs of various sequences and lengths were all individually tested (dT n (n 5 3-12) and dA n (n 5 3-12), Elim Biopharmaceuticals). Data collection and structure determination revealed that dA 12 generated the strongest electron density, although similar, albeit weaker and less connected, density was observed for dT oligonucleotides and smaller dA substrates. Data collection and structure determination. Data were collected at Beamline 8.3.1 at the Advanced Light Source (ALS) 44 and processed using HKL-2000 45 . Crystals belong to the space group P2 1 2 1 2 1 , with dA 12 soaked crystals having unit cell dimensions a 5 99.8 Å , b 5 114.2 Å and c 5 201.3 Å ( Supplementary Table 1 ). Data were phased using molecular replacement as implemented in PHENIX 46 , using a DNA-free DnaA tetramer as a search model (PDB 2HCB) 14 . Initial F o 2 F c electron density maps containing clear density for DNA were generated using rigid-body and grouped B-factor refinement with PHENIX 46 . Further refinement was conducted using multidomain, non-crystallographic-symmetry (NCS)restrained, simulated annealing in PHENIX 46 , fourfold multidomain NCS averaging with a custom solvent mask (including the region of DNA binding), density modification using resolve 47 , and manual model building in COOT 48 .
During the final stages of refinement, fourfold multidomain NCS and secondary structure restraints were retained for AMPPCP and the entire protein except residues 255-265, which differed between chains as a result of crystal packing interactions. Composite, simulated-annealing omit maps generated with CNS 49 were used as a guide for building with COOT. DNA and waters were manually added to the model, and final rounds of refinement with PHENIX were conducted with grouped B-factor modelling, as well as NCS restraints and TLS modelling of individual protein domains (comprising three TLS groups in total: the AAA1-core (amino acids 76-241) plus AMPPCP; the AAA1 a-helical 'lid' (amino acids 242-254 and 266-241); and the duplex-DNA binding domain (amino acids 291-399)). All panels of figures with renderings of structures and electron density were prepared with PyMol 50 .
The final model contains one DnaA tetramer bound to one dA 12 per asymmetric unit. A clear 59 or 39 break between successive dA 12 substrates was not present in the electron density, indicating that during the soaking procedure, different DNA molecules bound in multiple registers to consecutive DnaA protomers throughout the crystal. Accordingly, a terminal 59 phosphate, which was not present in the substrate used for soaking, was added to the modelled dA 12 DNA. Polarity of DNA binding. During refinement, DNA was initially modelled independently into the DnaA pore with each of the two possible polarities. Compared to the 59 to 39 polarity presented in the paper, refinement of the model with the dA 12 substrate running 39 to 59 (from the arginine finger side to the nucleotidebinding face of a DnaA protomer) resulted in only marginally higher R work and R free values (,0.1%), but also the appearance of off-model positive difference density and on-model negative difference density in F o 2 F c maps (the model as presented in the paper did not display such features). Simultaneous refinement with two DNAs, each at half occupancy, with opposing polarities of the dA 12 substrate resulted in ,0.3% higher R work and R free values, and again showed unfavourable difference density in F o 2 F c maps.
Recognizing that these differences, although consistent with our build, were subtle and did not definitively resolve the ssDNA binding polarity to DnaA, we set out to test our assignment further. To this end, we designed and had synthesized (by Trilink BioTechnologies) two specialized, di-adenosyl nucleotide substrates that would give rise to a clear distinction in binding orientation: 59-p(Br-A)pAp and 59-p(e-A)pAp, where 'Br-A' indicates a bromo-deoxyadenosine label, 'e-A' indicates an etheno-deoxyadenosine label, and 'p' indicates a phosphate moiety. Soaking of crystals with these dinucleotide substrates was performed as described for ssDNA substrates (note that in our soaking trials with oligonucleotides as short as dA 3 , we observed density associated with DnaA protomers consistent with that seen for the trinucleotide repeats when using dA 12 ). Unfortunately, data collected with the e-A-substituted oligonucleotide yielded maps with density for dinucleotides bound to each monomer but additional density for the EthenoA was not clearly visible, probably due to the low ,3.4 Å resolution limit of the DnaA crystals. At the same time, SAD data sets collected with the Br-Asubstituted oligonucleotide did not yield useful maps, due to the weak diffraction of the crystals (and accompanying radiation damage as we attempted to maximize data signal-to-noise at the bromine absorption maximum 51 ), to incomplete bromine labelling, or both. We note that we carried out soaks with longer Br-dA-labelled (and Br-dU-labelled) oligonucleotides, but these efforts were not successful, again because of weak diffraction. Additional experiments to test the orientation (for example, using labelled oligo/protein pairs and FRET) were considered, but ruled out due to the small binding site size for substrate DNA, and an inability to find a suitable pair of labelling sites that could report on differing binding orientations.
As a consequence, although our data are supportive of the polarity presented in our model, we cannot definitively rule out the possibility that ssDNA might also be binding to DnaA in the crystal in an opposing direction. Nonetheless, several findings support the idea that DnaA binds ssDNA in a defined orientation that is consistent with the direction suggested here. For example, following nucleoprotein complex formation on oriC, DnaA melts (A1T)-rich regions in the DUE 12 ; two independent reports have found that E. coli DnaA binds specifically to only one strand (the so-called 'top' strand) of the DUE during this process 15, 16 . The importance of DnaA binding polarity becomes clear during the next stage of initiation, when the DnaB helicase is loaded. Modelling studies based on the known DnaB translocation polarity (59 to 39) and known pairwise interactions between DnaB, DnaC and DnaA, have suggested that top-strand loading involves a direct interaction between DnaA and DnaC that has been observed biochemically and depends on the AAA1 domains of the two proteins 19 . Because AAA1 domains assemble with a defined orientation, in which the arginine finger face of one protomer points into the nucleotide binding face of a second subunit, it follows that DnaA molecules probably position themselves on the top strand with only one of their two AAA1 domain surfaces presented to DnaC. Although the polarity of the DnaA-DnaC interaction has not been established, a mutation on the arginine finger face of the E. coli DnaA AAA1 domain, R281A, is reported to disrupt helicase loading, but not oriC melting 52 ; this finding indicates that DnaA interacts with DnaC using its arginine-finger face. In our structures, the 59 end of the modelled DNA resides near the arginine finger face of DnaA, a configuration consistent with these data. ssDNA extension assay. Extension of dT 21 oligonucleotides labelled with Cy3 and Cy5 (FR-dT 21 ) by DnaA was monitored by FRET using a FluoroMax-4 (Horiba Jobin Yvon) spectrofluorimeter. Measurements were carried out at 25 uC in 20 ml with 25 nM of FR-dT 21 and either 10 mM of DnaA in DnaA extension buffer (50 mM HEPES pH 7.5, 125 mM KCl, 2% (v/v) glycerol, 10 mM MgCl 2 and 2 mM ADP or ADPNBeF 3 ) or 10 mM of RecA in RecA extension buffer (25 mM Tris-acetate pH 7.5, 100 mM Na-acetate, 10 mM Mg-acetate, 1 mM DTT and 2 mM ADP or ATPcS). Emission scans from 545 to 700 nm were collected with excitation of Cy3 at 530 nm, divided by the excitation intensity, and then corrected for the wavelength-dependent sensitivity of the detector. FRET efficiencies and distances were determined by comparing the Cy3 fluorescence from the doubly labelled substrate (FR-dT 21 ) with the Cy3 fluorescence from a substrate only having a Cy3 label (C3-dT 21 ) under the same conditions. Influence of proteins on dye behaviour. To ensure that all influences on dye behaviour were properly considered when processing the FRET data from the DNA extension assay (Fig. 3) , the fluorescence and absorbance of each dye was monitored independently for each experimental condition. Emission and absorbance scans of substrates labelled only with the Cy3 donor (C3-dT 21 ) were collected in buffer alone, and with protein in the presence of ATP mimics or ADP ( Supplementary Fig. 8c (panels ii and iii) and d (panels ii and iii)). Emission scans revealed pronounced protein-and nucleotide-dependent enhancement of donor fluorescence, but negligible differences in donor absorbance. Similar, but less significant, effects have been observed previously for RecA at a concentration RESEARCH ARTICLE of 1 mM (comparable to our working concentration of 10 mM) 37 . A similar enhancement in acceptor fluorescence (and lack of effect on acceptor absorbance) also was observed in the doubly labelled substrate, FR-dT 21 ( Supplementary Fig. 8c (panels iv and v) and d (panels iv and v)). These effects are not surprising, as the spectral properties of fluorescent dyes are known to undergo marked variation depending on chemical environment 53, 54 . However, these controls also indicated that we needed to take into account additional corrections to obtain accurate distance measurements. In particular, the changes in donor fluorescence, but not donor absorbance, were indicative of changes in the donor quantum yield (W D ), which is used to calculate R 0 (Å ), the distance corresponding to a FRET efficiency of 50%: R 0~8 :79|10 {5 (Jk 2 n {4 W D ) 1=6 where J is the spectral overlap between the donor emission and acceptor absorption; k 2 is a geometric factor that depends on the orientation of donor and acceptor; and n is the refractive index of the medium between donor and acceptor 54 .
To determine the donor quantum yield under different experimental conditions, we used rhodamine 6G as a standard for calibration, with an assumed quantum yield of 0.95 in EtOH 55 . To calculate the quantum yields seen in Supplementary Table 5 , we collected the fluorescence and absorbance of the donor-only labelled substrate (C3-dT 21 ) in the RecA and DnaA buffers. We then used these data to determine ratios between the integrated fluorescence and absorbance, while correcting for the fractional absorbance at the excitation wavelengths used. Fluorescein in 0.1 M NaOH (known to have a quantum yield of 0.95 (ref. 56)) was also measured as a control. To ensure reliable readings, all absorbance measurements were conducted with 1 mM of the donor-only labelled substrate, either alone or in the presence of 10 mM of the indicated protein. All emission measurements were conducted with 25 nM of the donor-only labelled substrate, either alone or in the presence of 10 mM of the indicated protein. Because the presence of protein had no influence on dye absorbance ( Supplementary Fig. 8c (panels iii and v)), the quantum yield of the donor in the presence of different proteins was determined simply by using its value in buffer, and multiplying by the observed changes in fluorescence. R 0 values were then calculated for each sample using the corresponding values for quantum yield. Determination of FRET efficiencies and DNA length. To determine the efficiency of transfer (E) from the FRET data collected using the DNA extension assay ( Fig. 3 and Supplementary Figs 6, 8 and 9 ), the emission of the donor from the donor-only labelled substrate (C3-dT 21 , F D ) was compared to the emission of the donor from the doubly labelled substrate FR-dT 21 
